Recently determined structures have linked histidine kinases with class II topoisomerases, the DNA repair enzyme MutL and the molecular chaperone Hsp90. This surprising finding may foreshadow a shift in our understanding of energy coupling mechanisms in signal transduction networks.
Signal transduction in bacteria is mediated by phosphorelay systems that are typically composed of two central components: a histidine kinase that binds ATP and, when activated, undergoes autophosphorylation on a specific histidine residue, and a 'response regulator' that transfers the phosphoryl group from the phosphohistidine in the kinase to one of its own aspartate residues (Figure 1 ). Different kinases share a conserved catalytic core, the activity of which is regulated by distinct input signals through a wide range of different associated sensory domains. Most histidine kinases are type I membrane proteins, with amino-terminal domains that bind extracellular signal molecules, connected via a single membrane-spanning α helix to a carboxy-terminal kinase domain in the cytoplasm. Histidine kinases thus control the level of phosphorylation of their cognate response regulators, which act in turn to control the activities of associated effector domains, usually DNA-binding proteins that regulate gene expression. The phosphoryl group on the response regulators can be passed to water -phosphatase regulation -or to a histidine in another protein, and thence to other response regulators. Such phosphorelay systems control a wide variety of processes in bacteria, including chemotaxis, cellcycle progression, virulence, cell-density or 'quorum' sensing, competence for genetic transformation, fruiting body development, sporulation, antibiotic resistance and responses to nutritional stress [1].
Histidine kinases and response regulators seem to have originated in bacteria. Although members of the histidine kinase and response regulator superfamilies have been identified in fungi, molds and plants, sequence comparisons indicate that all the eukaryotic variants derive from a single gene transfer event with a bacterial donor [2, 3] , and similar arguments apply to the few histidine kinases and response regulators that have been identified in the archaea [2] .
There are striking parallels between the essentially bacterial histidine kinases and the tyrosine kinases that figure so largely in metazoan signal transduction [4] . Moreover, in Saccharomyces cerevisiae, a yeast species that does not have any receptor tyrosine kinases, a histidine-aspartate phosphorelay system serves to regulate a MAP kinase cascade, a role that in metazoans is typically played by receptor tyrosine kinases and Ras-related GTPases [5] . Although there are structural similarities between Ras and the phosphoreceiver domains of response regulators, sequence analyses have clearly shown that the ATP-binding domains of tyrosine kinases and histidine kinases are not related [4] . This conclusion has been confirmed by recent structural studies of two histidine kinases [6, 7] .
The recent elucidation of the structures of the conserved histidine kinase cores of two otherwise distinct histidine kinases -Thermatoga maritima CheA [6] and Escherichia coli EnvZ [7] -has added considerably to our understanding of the differences between signal transduction mechanisms in prokaryotes and eukaryotes. The core structure is composed of two domains (Figure 2 ), a dimerization Two-component histidine-aspartate phosphorelay systems mediate signal transduction in microorganisms and plants. The mechanism generally involves autophosphorylation of a specific histidine residue within a histidine kinase, and subsequent transfer of the phosphate to a specific aspartate residue in the receiver domain of a cognate response regulator. domain with a pair of up-down α-helical segments, and an ATP-binding phosphotransfer domain homologous to the ATPase domains of type II topoisomerases, MutL and the heat-shock protein 90 (Hsp90) class of molecular chaperones. These three groups of ATPases are all widely dispersed in nature, with representatives in eukaryotes as well as eubacteria and archaebacteria [8] . There is no obvious structural relationship between the catalytic core of a histidine kinase and those of eukaryotic serine/threonine or tyrosine kinases. Histidine kinases thus appear to have originated in bacteria from a more ancient superfamily of proteins that couple ATP hydrolysis to the interconversion of higher-ordered DNA or protein conformational states.
Type II topoisomerases cleave both strands of a DNA molecule, attaching covalently to the generated ends via phosphodiester linkages to tyrosine side chains. The enzyme then passes an uncleaved DNA double helix through the break to effect changes in DNA supercoiling [9] . MutL proteins are also involved in DNA rearrangements, catalyzing a recombination step of DNA mismatch repair [10] . The gyrations these enzymes go through to manipulate DNA structure appear to be fueled by a cycle of ATP-to-ADP conversions and ADP-to-ATP exchanges at the nucleotide-binding site in the protein domain that is related to the ATP-binding domain in the histidine kinases.
Hsp90 proteins are highly abundant in the cytoplasm of eukaryotic cells, comprising about 1% of the total cell protein. They have essential roles in a number of specific cellular processes, notably tyrosine kinase function, MAP kinase signaling, GTPase signaling and the regulation of steroid hormone receptors [11] . Hsp90 proteins are thought to act as molecular chaperones by coupling ATP hydrolysis to the disassembly and assembly of protein complexes, such as those involved in eukaryotic signal transduction. In its topoisomerase, recombinase and chaperone capacities, the ATPase domain acts within the context of dimeric and higher-order assemblies. The mechanism invariably involves a cycle of ADP-ATP exchange and phosphotransfer associated with a series of altered protein-protein interactions.
Recent structural studies of MutL [12] indicate that ATP binding induces a conformational change in the ATPase domain that leads to its dimerization. This activates the hydrolysis of bound ATP, which disrupts the interaction between the two domains. The dimerization interface involves interactions in trans with amino-terminal α helices from opposing subunits. A similar cycle of ATP binding, ATPase dimerization, ATP hydrolysis and ATP-ADP exchange has been proposed for type II topoisomerases [13] . Moreover, like MutL and the type II topoisomerases, Hsp90 functions as a dimer and ATP binding appears to induce ATPase domain dimerization [14] . Many features of this general mechanism may pertain for the histidine kinases, where dimerization is also required for phosphotransfer activity, albeit to a histidine side chain rather than water [15] .
The first complete structure of a histidine kinaseCheA, which mediates bacterial chemotaxis -can now be pieced together from structures of various parts of the protein ( Figure 3 ). CheA is composed of six distinct domains. Beginning at the amino terminus is a four-helix up-down-up-down bundle, with the phosphoaccepting histidine side chain extending from the side of one of the helices [16] . This phosphoaccepting domain, termed the H or P1 domain, is connected by a flexible linker sequence to an open faced α/β sandwich domain that serves to bind the chemotaxis response regulators, CheY and CheB, and is termed the YB or P2 domain.
Crystal structures of CheY bound to the YB domain of CheA have indicated that the phosphoaccepting site of the bound CheY protein is exposed and ready to accept a phosphoryl group from the phosphohistidine side chain in CheA's phosphoaccepting domain helix [17] . Phosphorylation of CheY causes it to undergo a conformational change that facilitates its release from the YB domain of CheA. The YB domain is linked via a second flexible linker to a region that forms an up-down α-helical interface for dimerization with the corresponding region of a second CheA molecule [6] . CheA is in equilibrium between an inactive monomer and an active dimer, and the dimerization determinants appear to be entirely localized to this dimerization domain [18] .
From the dimerization domain, the sequence of CheA leads immediately into the ATP-binding kinase domain [6] . This is the part that is related to topoisomerase, Dispatch R365
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The conserved histidine kinase catalytic core is composed of a dimerization domain of two up-down α helices, each connected at its carboxyl terminus to an independent ATP/ADP-binding phosphotransfer domain. The phosphotransfer domain of each subunit generally catalyzes the phosphorylation of a histidine residue within the amino-terminal dimerization helix of the opposing subunit. recombinase and chaperone proteins. It is the most highly conserved part of the structure, the part with the characteristic histidine kinase sequence fingerprints or 'G boxes' [19] . The catalytic or C domain is followed in CheA by two Src homology 3 (SH3) domains [6] . These, together with an adaptor protein termed CheW, which is also composed of tandem SH3 domains, form a scaffold with membrane chemoreceptor proteins that is essential for the regulation of kinase activity in response to attractant and repellent chemotaxis stimuli [20] .
The mechanism of action of CheA requires considerable movement between domains, accompanied by altered protein-protein interactions. The surface of the H domain with the phosphoaccepting histidine must interact alternatively with the ATP-bound C domain and then with the phosphoaccepting site of CheY or CheB bound to the YB domain. The phosphorylated response regulator must then dissociate from CheA to allow binding of an unphosphorylated response regulator molecule. Kinetic studies of the H domain-C domain interaction indicate that only one H domain can be phosphorylated at a time; that is, CheA dimers exhibit what is known as 'half-the-sites reactivity' [18] . The connection between the H and C domains in CheA appears to be important only insofar as it increases their local concentration -that is, the Vmax of phosphorylation of isolated H domains by isolated C domains is comparable to the rate of phosphorylation within CheA homodimers [21] . Moreover, histidine autophosphorylation within CheA dimers occurs in trans, with the C domain of one subunit catalyzing the phosphorylation of the H domain in the second subunit [22] .
The structure of a portion of another histidine kinase, EnvZ, has also been reported recently [7] . EnvZ appears to have a dimerization domain and ATP-binding catalytic core similar to those in CheA [23] . The EnvZ protein terminates after the conserved C domain, and so it lacks the SH3 domains that serve to link CheA to type I chemotaxis receptors. Unlike CheA, EnvZ is itself a type I transmembrane receptor. The kinase core of EnvZ is attached via a membrane-spanning sequence to an extracytoplasmic domain that presumably binds regulatory ligands. Like most histidine kinases, EnvZ has no H or YB domain, but rather it phosphorylates a specific histidine side chain on the up-down-up-down four-helix bundle formed by the dimerization domains within EnvZ homodimers.
As with most histidine kinases, however, phosphorylation occurs in trans within EnvZ homodimers [24] . Thus, EnvZ's ATP-binding domain must interact with the dimerization domain to phosphorylate the histidine from the opposing subunit, then the catalytic domain must move out of the way to accommodate binding of the cognate response regulator. For EnvZ, the response regulator is a 'winged helix' transcription factor termed OmpR [25] . Phosphorylated OmpR must then dissociate to allow another round of phosphorelay reactions. One can imagine that histidine kinases function like two-cylinder engines, with each round of alternating protein-protein interactions working in opposing cycles to pump out phosphorylated response regulator molecules.
Why do bacteria use such a complicated machinery for receptor-mediated signaling, when relatively simple mechanisms -such as hormone regulation of receptor tyrosine kinase activity -seem to work perfectly well in eukaryotes? One might imagine that there is an issue of speedbacteria may need to be a lot faster in their responses and therefore need more rapid signaling machines. But actually histidine kinases are anything but fast enzymes: CheA, which is a relatively fast histidine kinase, has a maximal rate of only about 30 phosphorylations per second [21] . Moreover, Hsp90 may be essential for tyrosine kinase function in eukaryotes [11, 26] . Is it possible that receptor signaling generally requires both an Hsp90 and a histidine kinase function, which bacteria have efficiently combined into a single enzymatic unit, the histidine kinases?
Tyrosine kinase and histidine kinase receptor function have been understood within the general framework of Figure 3 Structural organization of CheA. The protein is a dimer, with each subunit composed of an amino-terminal four-helix bundle (H domain) attached to a domain (YB) that binds the chemotaxis response regulators CheY and CheB. Following the YB domain is the histidine kinase catalytic core, composed of dimerization and ATP-binding domains (see Figure 2) . Tandem SH3 domains at the carboxyl terminus of CheA mediate the assembly of receptor signaling complexes. CheA differs from most histidine kinases in that the site of histidine phosphorylation is located within a distinct amino-terminal four-helix bundle, rather than in the amino-terminal helix of the dimerization domain. Nevertheless, phosphorylation occurs in trans with the ATP-binding domain of one subunit phosphorylating the H domain of the other subunit. enzyme regulation, wherein an allosteric mechanism is seen to control an equilibrium between active and inactive conformational states. This view is complicated by the possibility that these proteins function within the context of higher-order membrane assemblies, and also by the involvement in receptor regulation of progressive changes in the protein-protein interactions within such assemblies. So, unlike in the classic cases of allosteric enzyme regulation, issues of coordination and progressive macromolecular reassembly may come into play. In fact, it has become evident in recent years that the major function of tyrosine phosphorylation and dephosphorylation is to regulate the architecture of protein signaling complexes, rather than to simply control the activities of target enzymes [27] .
It seems likely that Hsp90 plays a key role in such structuring/restructuring processes. Perhaps in bacteria the histidine kinases perform an analogous function, in addition to their well-established role of providing phosphoryl groups for the modification of response regulator targets. Thus, the ATPase/histidine kinase domain may act to couple cellular energy metabolism to the dynamic organization of protein complexes at the cell surface. In this context, it is worth noting that Hsp90 has been reported to have an autokinase activity [28] , and most histidine kinases, including EnvZ, exhibit phospho-response regulator phosphatase activities, so that together with their cognate response regulators they function as ATPases [29] . A central issue in understanding both the histidine kinases and the Hsp90s is to determine how the conserved ATP/ADP-binding phosphotransfer domain supports a series of different protein-protein contacts. It seems likely that the answer to this question will ultimately provide a central biochemical mechanism by which ATP-fueled protein gyrations can function in signal transduction to regulate a wide range of cellular activities in response to environmental signals.
